The Kondo effect in single dehydrogenated cobalt phthalocyanine ͑CoPc͒ molecules adsorbed on Au͑111͒ monoatomic steps was studied with a low temperature scanning tunneling microscope. The CoPc molecules adsorbed on Au͑111͒ monoatomic steps show two typical configurations, which can be dehydrogenated to reveal Kondo effect. Moreover, the Kondo temperatures ͑T K ͒ measured for different molecules vary in a large range from ϳ150 to ϳ 550 K, increasing monotonically with decreasing Co-Au distance. A simple model consisting of a single Co 3d z 2 orbital and a Au 6s orbital is considered and gives a qualitative explanation to the dependence. The large variation of T K is attributed to the variation of the interaction between the magnetic-active cobalt ion and the Au substrate resulted from different Co-Au distances.
I. INTRODUCTION
Interaction between individual localized spins and conduction electrons in a metallic host can give rise to a subtle phenomenon known as the Kondo effect. 1 The Kondo effect was first discovered as a resistance minimum of magnetic dilute alloys at low temperatures. In the past ten years, the Kondo effect has been observed as Kondo resonances in the transport properties in many nanoscale systems such as quantum dots, 2,3 single atoms, 4, 5 carbon nanotubes, 6, 7 and single molecules. [8] [9] [10] [11] [12] Due to the powerful ability in highresolution observation and manipulation in real space, the scanning tunneling microscope ͑STM͒ has been employed for both observing and controlling the Kondo effect of magnetic impurities on surfaces at a single-molecule level. 4, 5, 12 Although there have been several efforts to study the Kondo effect of a single adsorbed magnetic ion controlled indirectly by modulations of surface density of states, [13] [14] [15] by surface coordination numbers, 13 and by controllable ligation, 16 to manipulate the Kondo effect of a single magnetic impurity by directly controlling its interaction with metallic host is still not easy. A recent work by Parks et al. 8 showed that the Kondo effect in a single C 60 molecule with a mechanically controllable break junction has been tuned by controlling the gap distance of the junction with a rate of 0.61 pm/step. The coupling of the molecule and the electrodes decreased with increasing gap distance; as a result, the Kondo temperature of the single-molecule device reduced from 30 to 16 K. Due to the lack of real space investigation, the relationship of the local geometric structure with the Kondo temperature remains unclear.
In a previous work, we have shown that a single cobalt phthalocyanine ͑CoPc͒ molecule adsorbed on Au͑111͒ surfaces can be dehydrogenated with a STM tip and a strong Kondo resonance shows up in the dI / dV spectra with a high Kondo temperature ͑Ͼ200 K͒. 12 This study demonstrated the ability to control the existence of the Kondo effect of a single magnetic ion in a macrocycle molecule by directly manipulating the molecule conformation. 12, 14 In the study presented here, we show that the Kondo effect in single dehydrogenated CoPc molecules adsorbed on Au͑111͒ monoatomic steps can be tuned by small changes in the distance between the Co ion and the substrate. The goal of this research is to study the influence of the coupling between the magnetic ion and the substrate to the Kondo effect of a single molecule at the intramolecular level. Single CoPc molecules adsorbed on Au͑111͒ monoatomic steps can also be dehydrogenated and exhibit Kondo effect, furthermore, the Kondo temperatures ͑T K ͒ we measured in different molecules vary in a large range from ϳ150 to ϳ 550 K. The large variation of T K is attributed to the variation of the interaction between the magnetic-active cobalt ion and the Au substrate resulted from different Co-Au distances.
II. EXPERIMENTAL DETAILS
The experiments were performed using a STM ͑Omicron Nanotechnology GmbH, Germany͒ in ultrahigh vacuum with a base pressure below 5 ϫ 10 −11 mbar. 12 The Au͑111͒ substrate was prepared by depositing a thin Au film of ϳ200 nm thickness on mica. The surface was cleaned by cycles of 1000 eV Ar + ion sputtering and 650 K annealing to form an atomic-flat reconstructed Au͑111͒ surface. CoPc molecules were thermally evaporated onto the surface from a Mo crucible using an e-beam evaporator. CoPc was purchased from Aldrich Co. and thoroughly degassed for tens of hours prior to all experiments. During evaporation, the pressure was kept −9 mbar with a typical evaporation rate of 0.05 ML/ min. To study single molecules adsorbed on the Au steps, typical coverage in the range 0.05-0.10 ML should be used. The prepared sample was then transferred to the STM chamber and cooled down to 5 K. We used an electrochemical etched tungsten tip for this study. The tip was subjected to 800 eV Ar + ion sputtering after transferred into an UHV chamber to remove contamination and oxide layers.
To obtain high quality STM images and spectra, the tip apex was coated with gold by repeatedly dipping the tip into a bare Au͑111͒ terrace before any STM measurements. The dI / dV spectra were obtained by sinusoidally modulating the bias voltage ͑4 mV in amplitude͒ with the first-harmonic current signal detected through a lock-in amplifier. All spectra were checked by measuring the Shockley surface state with the same tip to ensure no obvious feature near the Fermi level caused by tip effects. 12 Dehydrogenation of a CoPc molecule was performed with a local high-voltage pulse from the STM tip in a manner similar to the case of benzene on copper surfaces. 17, 18 In detail, positive voltage pulse ͑sample bias͒ was applied by temporarily suspending the feedback loop and keeping the tip at a fixed position over the sample for 500-2000 ms.
III. RESULTS AND DISCUSSION

A. Adsorption configurations and electronic properties
A single CoPc molecule has a macrocycle with four benzene lobes enclosing a Co ion at the center. Because of its D 4h symmetry, it is easy to identify the molecular orientation and adsorption configuration on surfaces. Most CoPc molecules ͑more than 75%͒ adsorbed on Au͑111͒ monoatomic steps with one or two of their lobes anchoring on the higher terrace. We denote these two configurations as S1-and S2-type ͑Fig. 1͒. Figure 2͑a͒ shows four CoPc molecules adsorbed on a Au͑111͒ monoatomic step along the ͗110͘ direction and one CoPc molecule adsorbed on the lower terrace. The bright spots on the higher terrace side of the step indicate that the benzene rings of the CoPc molecules should be on top of the higher terrace Au atoms, implying that these CoPc molecules adsorbed across the step. The line profiles along the dashed lines perpendicular to the step through the center of both S1 and S2 molecules are shown in Fig. 2͑b͒ . Precise locations of cobalt ions can be obtained by subtracting out the line profile of bare Au steps. We found that the Co ion in the S1-type is slightly further ͑ϳ1.3 Å͒ away from the step than that in the S2-type. The apparent heights of the Co ions were thus determined to be 2.29 and 1.90 Å for S1-and S2-type, respectively.
To verify the electronic properties of the molecules, we measured the dI / dV spectra for Co ion of both types of molecules and compared them with those of CoPc molecules on terraces ͓Fig. 2͑c͔͒. Although all spectra show similar profiles near the Fermi level ͑E F ͒ with a resonance state located about −0.4-0 V below E F , which has been ascribed to the spin-degenerate Co dz 2 orbital-mediated tunneling ͑OMT͒ peak, 12, 19, 20 we did not observe the signature of Kondo resonance. However, it is still worthy to note that the peak positions of the OMT resonance of all the S1-and S2-type CoPc molecules slightly deviate from those of the CoPc molecules adsorbed on terraces. For CoPc molecules on terraces, the OMT peak is at ϳ−0.15 V, but this peak is shifted to ϳ −0.20 and ϳ−0.10 V for S1-and S2-type molecules, respectively. As we know that the electronic and magnetic properties of the central Co ion are extremely sensitive to its axial coupling, [21] [22] [23] the shifts in dI / dV spectra in S1-and S2-type CoPc with different geometric configurations are most possibly due to the slight changes of the distance between Co ion and Au substrate ͑d Co-Au ͒, indicating a possible route for tuning the magnetic properties of the CoPc adsorbed on step by changing the adsorption configuration.
In order to gain a detailed understanding, the experimental STM results were compared with simulated results of the first-principles calculations. Our calculations were carried out using the DMOL 3 package 24, 25 in its local density approximation with the Vosko-Wilk-Nusair local correlation functional. 26 A supercell with 24.97ϫ 28.84ϫ 31.00 Å 3 in three dimensions was selected to model the substratemolecule system, which consisted of three Au layers, a step, as well as a CoPc molecule, with a total of 387 atoms. For such a large system, we select the minimal basis sets for Au atom and the double numerical atomic orbital augmented by polarization functions basis sets for the molecule due to the numerical limitation. For the same reason, medium grid mesh points were employed for the matrix integrations and a single ⌫ point was used in the calculation. We used the density functional semicore pseudopotentials to take the relativistic effect into account. A self-consistent field procedure was carried out with a convergence criterion of 1.0 ϫ 10 −5 hartree on the energy and electron density. Geometry optimizations were performed with convergence criterions of 5 ϫ 10 −3 Å on the gradient, 5 ϫ 10 −3 hartree/ Å on the displacement, and 5 ϫ 10 −5 hartree on the energy. Schematic views of the optimized structures are illustrated in Fig. 3 . The calculated results agree well with the experimental STM observations. The geometrical configurations are consistent with our supposition and other literature in which the edge of the peripheral benzene rings in planar molecules contacts onto monoatomic Au step or Au adatoms. 27, 28 The d Co-Au of S1-and S2-type molecules are calculated to be 2.87 and 3.27 Å, respectively. The difference of 0.4 Å agrees well with the experimental results ͓Fig. 2͑b͔͒ plus a constant of ϳ0.97 Å.
B. Dehydrogenation and Kondo effect
Heretofore we show that d Co-Au of pristine CoPc molecule adsorbed on a Au͑111͒ step depends on its geometric configuration, and the electronic structure of the cobalt ion in S1-and S2-type CoPc is sensitive to its coupling with the underlying gold substrate although none of these types shows a Kondo effect. In our previous work, we have demonstrated a feasible single-molecule-chemistry method to change the interaction between the Co ion and the Au ͑111͒ terrace. 12 
12 for more details͒ in a CoPc molecule adsorbed on Au͑111͒ terrace, a new artificial molecular structure can be produced in which d Co-Au increases from 3.0 ͑intact CoPc on Au terrace͒ to 3.8 Å, leading to a revival of magnetic moment and a clear Kondo resonance in the dI / dV spectra for the Co ion. In the present work, both S1-and S2-type CoPc molecules can also be dehydrogenated using the same method. While a CoPc molecule adsorbed on terrace exhibits Kondo effect only after its four lobes are all dehydrogenated, the S1-and S2-type CoPc molecules may show Kondo effect just after one or two lower lobes ͑lobes that lie on the lower terrace͒ are dehydrogenated. Namely, it is not necessary to prune all the outer H atoms in the four benzene lobes to induce a Kondo effect. In this experiment, we typically used sample biases of 3.6-3.8 V as the voltage pulses to remove H atoms, with no obvious difference in the threshold voltage from CoPc on terraces. We also attempted to apply voltage pulses on the upper lobes of both S1-and S2-type CoPc, but in all cases the molecules simply slide away onto the lower terrace.
In Fig. 4 , seven different molecules ͑three S1-type CoPc and four S2-type CoPc͒ that show Kondo resonances in the dI / dV spectra of the cobalt ions are presented. In each case, both topographic STM images of the molecule obtained before and after the pulse treatment are shown, denoted by "original configuration" and "final configuration," respectively. In all cases, the dI / dV spectra taken on the Co ions in the final configuration show marked Kondo resonance near the Fermi level that can be well fitted to a Fano function 29 ͑red solid lines͒.
Although the original molecules can be well defined in two configurations, the treated molecules have various geometric structures. This differs from the molecules on Au͑111͒ terraces. After applying such a voltage pulse on one lobe of a molecule on terrace, only the benzene ring of the selected lobe is dehydrogenated and other lobes remain intact. However, this situation changes for molecules adsorbed on steps. Applying a voltage pulse on one lower lobe will lead to a nonlocal change in the whole molecule. For example, we applied a single voltage pulse ͑+3.8 V, 1 s͒ on the left lobe of the CoPc molecule in Fig. 4͑b͒ ; however, there was no observable change in this lobe, i.e., the lobe seemed to neither have dehydrogenated nor become stronger bonded to the Au substrate. Unexpectedly, the opposite lobe ͑originally on the upper terrace͒ was likely to be dehydrogenated: It was found to be shortened and lowered in the topographic image. This phenomenon may be caused by energy transfer in the molecule through the conjugate bond of the macrocycle ligand due to complex local chemical environment of the step. Such nonlocal dehydrogenation caused by intramolecular energy transfer has been reported previously in literature. 30 To confirm the dI / dV peak at the Fermi level is truly a Kondo resonance, we chose the molecule in Fig. 4͑g͒ and measured the temperature dependence of the width of this dI / dV peak. Figure 5͑a͒ shows four normalized dI / dV curves near E F at four temperatures. One can see that the resonance was broadened monotonously with temperatures, a typical characteristic of a Kondo resonance. By fitting the curves to the Fano function, we found that the peak width increases from ϳ13 to ϳ 16 mV as the temperature increases from 5 to 35 K ͓Fig. 5͑b͔͒. The temperature dependent resonance width here can also be well fitted by a formula derived from the Fermi liquid theory, similar to the Kondo resonances in dehydrogenated CoPc on Au͑111͒ terrace and single Ti atom on Ag͑100͒ surface. 31 We therefore conclude that the resonances we observed in this work can also be attributed to the Kondo effect exerted from the Co ion after voltage pulse treatments.
C. Discussion on the Kondo effect
Although the geometric configurations of the treated molecules vary from case to case, we found that in all cases the molecules protruded from the substrate comparing with the original molecules, and the apparent heights of the central Co ion increased intensely to higher than 2.3 Å. As we know that the magnetic properties of the central Co ion are extremely sensitive to its axial bonding and coupling, one expects that Kondo temperature may depend strongly on the Co-Au distance in this system. Due to the featureless local density of states of the Co ion at small positive biases ͓Fig. 2͑c͔͒, the Co-Au distance can be roughly determined by the apparent height measured from the topographic images obtained at the same set point. In Fig. 6 , the height profiles of the treated molecules in Fig. 4 along the dashed lines are illustrated. The apparent height of the Co ion in each molecule was obtained from the average of four separate measurements. For the real d Co-Au of each treated molecule, an additional constant of 0.97 Å is added to its apparent height.
In Fig. 7 , we plot the Kondo temperatures derived from resonance widths versus d Co-Au of Co ions for the seven molecules. We note that the Kondo temperature of the CoPc molecules adsorbed on monoatomic Au͑111͒ steps can be tuned by voltage-pulse treatments in a surprisingly large 
where D is the half-width of the conduction band of the host metal, J is the exchange coupling constant, and 0 is the density of state at E F . For CoPc molecules on Au substrate, this interaction is mainly determined by the exchange coupling J between the spin of the Co 3d orbitals and that of the conduction electrons. Now we take into account the actual system consisting of a Co ion enclosed by a Pc ligand and an Au surface. Due to strong coordination interactions in the ligand plane, the system cannot be considered within a simple isotropic Kondo model. An alternative model may be proposed in which we assume that the exchange coupling J comprises two components J 0 and J z ,
where J 0 describes the exchange interaction that is not sensitive to d 
͑3͒
As the unpaired spin is mostly localized in Co 3d z 2 orbital, 12 we consider J z as the exchange interaction of two electrons, one in cobalt 3d z 2 and another in Au 6s orbital, to simplify the model. The numerical solution of J z can be calculated by considering the simplest Heisenberg exchange coupling model for two electrons, which have spatial coordinates r s and r d ,
͑4͒
where V͑r s , r d ͒ is the Coulomb interaction potential, the "plus" sign represents spin parallel, and the "minus" sign represents spin antiparallel. 
where A is a coefficient, d 0 is a presumptive decay onset, and t is the decay constant. The decay onset d 0 and decay constant t may be estimated to be ϳ2.7 Å ͑sum of the covalent radii of Co and Au atoms͒ and ϳ0.5 Å ͑given by an exponential decay fit to the numerical calculation results of J between a 3d z 2 electron and a 6s electron͒, respectively. We assume that D Ϸ͉ F Au ͉ = 5.5 eV ͑Ref. 32͒ and 0 =1/ 2D. sorbed on Au terraces 12 and steps with short d Co-Au ͑varying from ϳ2.7 to ϳ 3.3 Å͒, the s-d exchange interaction J z is predominant in theory; however, no Kondo effect can be observed in this regime. That is to say, there is no spin 1 / 2 degenerate ground state available, which can lead to Kondo spin-flip processes. In addition, in the presence of nonsymmetric crystal fields acting on the Co ion and magnetic anisotropy, a nondegenerate state may become energetically favorable. 33, 34 Another possible reason is that the Co ion interacts strongly with the Au substrate and considerable hybridization and charge transfer between Co 3d orbitals and Au will lead to a complete quenching of the magnetic moment. 12 In the regime of 3.3 Å Ͻ d Co-Au Ͻ 3.7 Å in this work, the Co ions are lifted away from Au substrate. There is no direct charge transfer between the Co 3d orbitals and Au and a localized magnetic moment is hence preserved in Co ion. It is worth to note that J z in this regime is still large enough and may induce an observable Kondo effect.
In the regime of d Co-Au ӷ 3.7 Å, the Co ions are largely decoupled with Au substrate and J z decays exponentially to zero. As a consequence, the K B T K decreases rapidly with increasing d Co-Au and approaches a limit of only about 0.004 meV ͑contributed by J 0 ͒ that is not observable in STM measurement with a typical energy resolution of 1 meV.
IV. CONCLUSIONS
In summary, we have been able to control the Kondo effect of single CoPc molecules adsorbed on Au͑111͒ monoatomic steps employing single-molecule manipulations with a low-temperature STM. The molecules adsorbed on the steps with one or two lobes on the higher Au terrace and the others on the lower terrace. By applying high-voltage pulses to the lobes on the lower terrace, the molecule may be strongly distorted. In the manipulated molecules, the center Co ion lifted away from the lower terrace and a clear Kondo effect can be observed in the dI / dV spectra. We find that the Kondo temperature of the modified molecules can vary in a large range from 150 to 550 K. Furthermore, T K was found to be decrease monotonically with the apparent height of the center Co ion. An effective exponential decay model in which the s-d exchange coupling versus the distance between the localized d orbital and a nearby s orbital is considered agrees well with the experimental results. This research demonstrated that the Kondo effect of a given system can be controlled by tuning the exchange coupling between the localized magnetic moment and the host electrons. The model we proposed here provides an atomic orbital view to surface Kondo systems and may be helpful for understanding magnetic interactions in future spin-or orbitalbased nanodevices.
